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National Spherical Torus Experiment (NSTX)*

Masayuki Ono and the NSTX Team**
Princeton Plasma Physics Laboratory
Princeton, NJ 08550, USA

Abstract - The main aim ofNational Sphericalorus Experiment (NSTX) is testablish
the fusion physicsprinciples of the innovative sphericedrus (ST)concept. Physics
outcome ofthe NSTX researctprogram isrelevant tonear-term applicationsuch as the
Volume Neutron Source (VNSInd burningplasmasand future applicationsuch as the
pilot and power plantsThe NSTX device began thplasma operations in February 1999
and theplasmacurrentwas successfully ramped up tiee designvalue of 1 million
amperes (MA) on Dec. 14, 1999. The CHI (Coaxial Helicity Injection) HiH&W (High
Harmonic Fast Wave) experiments have also star§dbleCHI discharges of up to 133
kA and 130msecduration have been producading 20 kA ofinjected current. Using
eight antennas connected tewo transmitters, up to 2 MW oHHFW power was
successfully coupled tihe plasma. The NBI heatingsystem andassociatedNBI based
diagnostics such as the CHERS will be operational in Oct..2000

NSTX Mission - The National Sphericalorus Experiment (NSTX) is a new US
Department of EnergiNational Fusion Energy 8ence facility[1,2] located at Princeton
Plasma Physicd.aboratory vihose main purpose is testablish thefusion physics
principles of the innovative spheridalrus (ST)concept3]. The mission ofthe National
Spherical Torus Experiment (NSTX) is to investigate the physics principles of:

* Non-inductive start-up, current sustainment and profile control,
Confinement and transport,
Pressure limits and self-driven currents,
Stability and disruption resilience, and
Scrape-off layers and divertors;
in a low-aspect-ratio (sphericatprus as a plasma confinememnovation. These
principles are to be investigated in scientifically interesting regimes characterized by:

* High average toroidal bega (up to 40 %),

» High pressure gradient driven current fractigg(éip to 70 %),
* Fully relaxed, non-inductively sustained current profile,
» Collisionless plasmas with high temperature and densities, and
* Low aspect ratio as low as 1.26 and plasma elongation as high as 2.0.
The physics outcome dfie NSTX researctprogram isrelevant tonear-term applications
such as the Volume Neutron Sou(®NS) and burningplasmas, anéuture applications
such as the pilot and power plants.

NSTX Facility Overview - The NSTX facility came onine in Feb. 199utilizing much
of the existingTFTR (Tokamak FusionTest Reactor) site infrastructure. TNSTX
facility is managed by PPPL and experiments are carried aiedySTX Research Team
composed of researchefm over 15 institutions. The NSTX nominal device and
plasma parameters arg R0.85 m, a =0.67 m, RA1.26,8 =03 T, | = 1 MA, o =

14, elongatiorx < 2.2, triangularityd < 0.5, and plasma puldength of up to 5 sec. The
plasmaheating / current driv€CD) tools are High Harmonic Fast WavéHHFW) (6
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MW, 5 sec)[4], NeutraBeam Injection (NBI) (5 MW, 80 keV, 5 sec), an€oaxial
Helicity Injection (CHI) (I-injection = 50 kA, V-bias = 1 kV) [5].

The cross section of tféSTX device isshown in Fig. 1. The devicemid-plane is about
3.5 m fromthefloor. The device center-stack éesigned and fabricated to alldar the
very low aspect ratio R/a 1.26 operation[6]. It has asufficientohmic drive tocreate 1
MA ohmically heateddischarges. The center stack is connected to the outssel via
ceramic insulators and bellows to provide an electrical isol&éio&€HI and a mechanical
isolation to allowfor the relativegrowth of center-stack with respect the outervacuum
vessel during bakeout and operatiofhe center stack can b@moved orreplaced
relatively quickly. The device idesigned with close-fitted 12 mm thick copmessive
stabilizing plates for MHD mode stabilization. The CHI will be usedHerinitial plasma
start-up studies whil&CH (Electron Cyclotron Heating) EBW (Electron Bernstein
Wave) + HHFW is considered for RF only start-up as an upgratie NBI heating and
current drive system is also expected to provide plastasionfor modestabilization and
centralplasmafueling. TheNBI systemwill also beused for NBI based plasn@ofile
diagnostics such aSHERS (Charge Exchange Recombination Spectroscopyihtion
temperature and plasma rotation velocity profiles and MSE (Motional Stark Effect) for the
plasma current profile measurements.

Advanced ST Regimes The ultimate goal of the NSTX research program is to access the
power-plant-relevant advanced ST regime wgithultaneous higlbeta, well aligned high
bootstrap current fractiof¥], and high confinement in non-transient fashioithe ST
configuration, due to thshort outboarcconnection lengtlcombined with strong global

magnetic shear, anithe naturallyhigh x andd, hasthe potential of achieving high-
performance regime with high plasrfaand fs approaching unity. The predictédkal
MHD stability limit againstiow n-kinks and high-rballooningmodes isvery high:p+—
60%, BN (normalized beta)y> 8 with f,s = 100% fork = 3.4. In this regime, alose-fitting
conducting shell with,yy/a < 1.2 isneededor suppressinghe low-n kink modes. For
K = 2 as planned for thiaitial NSTX configuration, andeal MHD stable regime witls+

~ 40%,Bn = Br/ (1,/aB;) =~ 8 with fys = 75 % is predicted. Theassivestabilizing plates
(a close fitting conducting shell) as installedNBTX areshown in Fig. 1. NSTX has a

sufficient heating power(11 MW) to reach the desir¢dvalue & 40 %) with arelatively
modest confinement assumption of H-factoxoR overthe tokamak L-mod€ITER96P)
scaling [2]. A plasma pulse length of 5 sec is sufficient to allewvcurrent profilg(r) to

fully relax. The low-n kinks are predicted to be stabilized by a close fitting conducting wall
in the presence gblasmatoroidal rotation induced byBI. For the j(r) control, the
combination of NBI,HHFW, and CHI systemswill be used to augmerthe bootstrap
current. The calculations show that NBI is capable of driving 100-200 kA of current in the
central region whictshould besufficient to providethe centrakseed current< a few kA)
required for bootstrap current generation. For off-axis current drive, a twelve-eleaent
time-phasedHHFW antenna array will beised for driving up to 300 kA of off-axis
current to supplementhe bootstrap current. Theoretical analyses and modeling
calculations show that, due to high plasma dielectric of 30 — 100 and high fatméhe
HHFW power absorption is one to two orders of magnitudeger in the NSTX
parameters than in conventional aspect tatiamaks wheré¢he plasmadielectric isorder

of 1 [4]. Thestrong single-pass absorption witie real-time antennphasingcapability
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allows efficient off-axis current drive by HHFW. As for the edge current difneeCHI is
a possible tool. The expected edge currefdr CHI in the well-formed ST may be

estimated asy} X s Where | is the current injected into th@asma by CHI anddg is
the expected toroidal current amplification by the geometric fadtor. NSTX, up to 350

kA of edge current may be driven by CHI with injection=i#5 KA for g5 = 14.

NSTX First Plasma - After two andhalf years of design and constructiactivities, the
NSTX first plasmadischarge of 300 kA (usingbout 1/3 of designed OH flux) was
achieved onFeb. 16, 1999, 10 weelahead of schedule. THeast plasma operation
provided important confirmation dhe NSTX device operationafeadiness as well as
valuable experimental data of initial ohmically hegiaismas. It should beoted that the
newly formed NSTXNational Research Team played a crucial foben the start. The
Los Alamos (LANL) Team broughthe fast visible camera to capturthe plasma
evolution, which was an essential tool in bringing the plasma current to 300 KA in just two
days of plasma operations [8]he EFIT reconstruction [9] othe first plasma wasalso
successfullycarried out by th&€olumbia University team usinthe magnetic data. The
EPICS from Argonne (foengineeringsystemscontrol) andMIDS-PLUS from MIT (for
data acquisition) software performed extremely well.

Attainment of 1 MA Plasma Current Discharges -After the First Plasma Operations,

the NSTX construction team went onitstall remaining in-vessel hardware including the
passive/outer divertor plateBHFW (High Harmonic Fast Wavegntennas, and CHI
ceramic insulators, and abo@600 graphite tiles. In order tdacilitate thein-vessel
hardware installation, the center stae#ts pulled out of the device. Wt the center stack

out of way, itwas mucheasier toperform the in-vesselinstallationtasks. The NSTX
plasma operationsestarted on Sept. 1999. Withthe doubleswing 6 kV OH power
supply,the plasmacurrentwas successfully ramped uptte designvalue of 1 MA on

Dec. 14, 1999 about 9 months ahead of schedule as shown in Hige®bserved ohmic
current drive efficiency is quitgood, yielding Ejima coefficients in th@.4 — 0.5range

[10]. The TSC (Tokamak Simulation Code) [11] was able to reproduce many of the global
features of theNSTX OH dischargesvith some deviationspossibly resultingrom the

MHD activity. IREs (Internal Reconnectioizvents)occur particularly in theshutdown
phase of the discharges. An ultra-soft x-ray diagnostic array by Johns Hopkins University
[12], X-Ray Pulse Height Aalyzer (PHA), and X-Ray Crystal Spectrometbecame
operational. The x-ray diagnostics measureed central plasma temperaypreati 0.5 —

1.0 keV range, consistent with the stored energy obtained from equilibrium reconstructions
(EFIT) and TSC. The ohmic plasma density limit observed thus far is consistent with the
Murakami-Huggil Limit. All of the plannedplasma shaping parameters wahieved.

The plasmas with the elongationof 1.6 - 2.2 (up to 2.6 transiently) atiee triangularity
0 = 0.2 — 0.4 (up to O.@ansiently) have been obtained. Tplasma shapindactor
(defined as J g5/ a B) of 30 haseenthus farachieved at 1 MAcompared ta< 6 to

conventional aspect rattokamaks. Plasmasith volumes in excess of 12 *nnas been
routinely produced. The ohmic heated plasmas with the total stored energy of up to 30 kJ,
averageplasmatoroidal beta of up t®.5%, andhe globalconfinement time of up to 20
msec have been achieved during the 1 MA current discharge.

A key to the achievement of high current plasma dischargetheasplementation of the
realtime plasmacontrol system incollaboration with Generahtomics. The Skybolt |
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computer system waable to feedback control on tiasmaradial andvertical positions

as well as the plasma current [13]. The high plasma current (i.e. Ip > 0.6 MA) &, in
possible only with currentamp control usingthe realtime plasmacontrol system. The
control system wasalso able to create sgle null and double null diverted. Another
important factor in producing high quality ST dischargabéssacuumquality. Using the
bakeout system, the device center stack tiles have been bak@d t€ while thevacuum
vessel was baked to 150 °C. The bakeout capability will be improved toward getting all the
graphite tile temperatures t©300°C. To further improvehe vacuum condition,
boronization and other wall preparation techniques will be also implemented in the future.

Coaxial Helicity Injection (CHI) for Plasma Start-up in order toeventually eliminate

the OH solenoid for ST, it is important evelop efficientstart-up tools which does not
rely on the OHsolenoid. The relativelymodestmagnetic flux anchelicity per plasma
currentfor ST tend to ease noninductive startup requiremeritee main non-inductive
(without OH) plasma start-up tool for NSTX is t@eaxial-Helicity-Injection(CHI). CHI
delivers poloidal flux tathe plasmaedge throughhe use of biasecklectrodes(for the
NSTX case, the center stack and outer vessel are biased with respect to each other), and this
flux (toroidal current) is believed to be transported throughmplasmavia global MHD
fluctuations. The CHI experiments on NSTX successfully started in Nov. 1999 [14].
Plasma currents of up to 133 kA were produced uabmut 20 kA of injected current.
StableCHI discharges of up to 130 mskave been producedThe LANL fast camera
clearly showed a CHI plasma columextended well into theNSTX chamber. With
Electron Cyclotron preionization [15], the initial fill pressure for CHI initiation was reduced
to as low as 1 mTorr thus far. This is important in order to makecGipatible with the

OH operation. Fothe longer range, the injector current will be increasagard 50 kA
level in order to produce up to 500 kA of CHI discharges.

High Harmonic Fast Wave Heating —The High Harmonic Fast Wave (HHFWgating
experiment started itNov. 1999. The HHFW systemconstruction is a joint project
betweenPPPLand ORNL. Usingeight antennas connectedtteo transmitters, up to 2

MA of rf power was successfully coupled to the plasma with dielectric of order of 30. The
ORNL edge reflectometrigas successfully measurttee edgedensity profiles in front of

the antennl6]. The ultra-soft x-ray diagnostishows some indation of core electron
heating with a slow waveelocity antennghasing. The system isdesigned teeventually
deliver 6 MW using 12 antennas and 6 transmitters.

NSTX Research Plan -The NSTX Research Program for the next four years is shown in
Fig. 3. TheNSTX device atpresent (Jan. — June, 2000) is undergdeginstallation of
the NBI systemand Upgrade DiagnosticsThe NBI heatingsystemand associated NBI
based diagnostics such #e CHERS (Charge-Exchange Recombination Spectroscopy)
will be operational in the fall of year 2000. With HHFW, NBI, and CHI toolplate, the
high beta regimes consistent with the no-waliablimit of about 25 %will be investigated.
The bootstrap current fraction iglatively modest 40%. Irthe longerterm, the passive
stabilizing platejumpers may beeconfiguredelectrically for plasma kinkstabilization.
This wall stabilization of thekinks is essentialfor the attainment of thénigh beta
(40%)/high bootstrap fractior{70%) discharges. A possible upgrade item to be
implemented in 2004- 2005 time frame is a re@mter stack to increase the device/plasma
performance and tmvestigate ARIES ST-like higher elongatiplasmas [7] which has
higher beta (50%) and higher bootstrap current fraction (90%). N8¥X ST physics is
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successful, the plan is to construct a 10 MA class performance extensaavi€d in the
TFTR Test Cell to test the ST concept in the reactor grade plasmas with DT fuel capability.
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Fig. 1. A schematic of the NSTX device cross-
section.
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Baseline * Ohmic studies * Transport * Macroscopic ¢ Plasma-wall

Scientific  + Initial CHI * FUlHHFW  stability * Initial pte
Milestones . |nitial HHFW e Full CHI integration
(FY99) (FY00) (FYo1) (FY02) (FY03) (FY04)
Run-wks: (14) (13) (13) (13)
2/99*1st Plasma +12/99 1MA, x ~2 (k= 3,t>> 1) mi
Operation Noninductive Noninductive
Capability Inductive Assisted Sustained
* Toroidal Beta, (3; e —25% e —40%
* Bootstrap Current * — 40% * —70%
e Current e - 0.5MA * —1MA e ~1MA
¢ Pulse e —-05s ° —=1s e —=5s
* HHFW Power * — 4 MW ° ~6 MW e ~6 MW
* NBI Power * = 5MW * ~5MW
* EBW Power e ~30 kW * — 0.4 MW (incremental) e ~04MW
¢ CHI Startup e —02MA * - 05MA e ~0.5MA
¢ Control ¢ current, R, shape * heating, density * profiles, modes
* Measure e Tg(r), ng(r) e j(r), Ty(r), flow, edge * turbulence

Fig. 3 NSTX National Research Program Plan
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